Abstract. In the present study, spatial and temporal patterns of rain event properties are analysed. These event properties are rain event depth, event duration, mean event rain rate, peak rain rate and the time span between two consecutive rain events which is referred to as inter-event time (IET). In addition, we assessed how rain event properties change when the period over which rainfall data is aggregated changes from 1 to 6 min and when the minimum inter-event time (MIT) changes from 30 min to 8 h. Rainfall data is obtained from a field campaign in two wet seasons of June-August (JJA) of 2007 and 2008 in Gilgel Abbay watershed that is situated at the source basin of the Upper Blue Nile River in Ethiopia. The rainfall data was automatically recorded at eight stations. The results revealed that rain event depth is more related to peak rain rate than to event duration. At the start and towards the end of the wet season, the rain events have larger depth with longer duration and longer IET than those in midseason. Event rain rate and IET are strongly related to terrain elevation. Sekela which is on a mountain area has the shortest IET while Bahir Dar which is at the south shore of Lake Tana has the longest IET. The period over which rainfall data is aggregated significantly affected the values of rain event properties that are estimated using relatively small value (30 min) of MIT but its effect diminished when the MIT is increased to 8 h. It is shown that increasing the value of MIT has the largest effect on rain event properties of mountain stations that are characterised by high rainfall intermittency.
Introduction
An understanding of rain event properties at specific spatiotemporal scales is of great importance for hydrology as well as for climate studies. According to Brown et al. (1985) , rain events are a convenient way of summarizing a time series of rainfall amounts into entities that are defined so that they are meaningful in terms of a particular application. Such applications include studies of runoff generation (e.g. Milly and Eagelson, 1987; Kusumastuti et al., 2007; Rientjes, 2005, 2010; Zhang et al., 2005; de Vos and Rientjes, 2008) , soil erosion (e.g. Angel et al., 2005) , interception losses (e.g. Zeng et al., 2000) and rainfall modeling (e.g. Wooliser and Osborn, 1985; Haile et al., 2010b , Abdo et al., 2009 .
Properties of single rain events such as mean event rain rate and event duration often vary at scales much smaller than a watershed scale and directly affect runoff mechanisms and related processes. For a synthetic watershed, Kusumastuti et al. (2007) showed that variability within a rain event which is referred to as intra-event variability can largely affect quick runoff processes and consequently flood generation. Menabde and Sivapalan (2001) showed that runoff discharge is proportional to the watershed area for relatively small watersheds with a response time less than the mean duration of rain events.
Rain event properties often serve as main inputs to soil erosion studies, e.g. Diodato and Bellocchi (2007) . A lack of long-term rainfall records at the required spatial and temporal resolution, however, often restricts the applicability of erosion models in many regions. van Dijk et al. (2005) states that this problem has been overcome in two ways: (i) by using synthetic time series of rain events, or (ii) by using empirical relations between hydrological model variables and more readily available rainfall characteristics (see Renard and Freimund, 1994; Diodato and Bellocchi, 2007) . The use of synthesized or empirical relations to derive rain event properties can benefit from an understanding of these properties through analysis of actual rainfall measurements. In addition, the calibration of rainfall disaggregation models requires availability of short-term sub-daily records at one or more rain gauge stations, e.g. Arnaud et al. (2007) and Koutsoyiannis and Onof (2001) .
Data from only one or two rain gauge stations may not be adequate to evaluate spatial patterns of rain event properties (see Brown et al., 1985; Tsubo et al., 2005) . To analyze effects of terrain attributes such as elevation on rain event properties (see Loukas and Quick, 1996; Palecki et al., 2005) records from spatially distributed rain gauge stations are required. Information on rain event properties is not commonly available and studies that report on the spatial and temporal patterns of rain event properties are absent for many geographic locations which also applies to the Upper Blue Nile basin in East Africa.
As part of the present study, a network of 10 automatic rain gauges was set up in May 2007 at the source basin of the Upper Blue Nile River. From the network, eight stations recorded rainfall data of the full wet season of 2007, i.e. June-August (JJA) while only 2 rain gauges recorded the full wet season of 2008. The remaining gauges did not record the full season rainfall probably since they were damaged by local people.
In Haile et al. (2009) , the orientation of the rain gauges in the study area is presented and the spatial pattern of the diurnal cycle of the basin rainfall is analyzed which showed that both orography and the presence of Lake Tana affect the spatial pattern of the diurnal cycle of rain frequency and rain rate. Haile et al. (2010a) showed that runoff simulations in the basin are largely sensitive to rainfall representation and reported runoff volume errors as large as 15-40% when the model input is only from 3-5 rain gauges instead of 8 rain gauges. Although these studies indicated the importance of understanding rain event properties in the study area, an explicit analysis of these properties is still lacking.
Rain event properties that are of general interest to the study of hydrological processes are rain event depth, rain rate, duration and inter-event time (IET).We analyzed temporal patterns of these rain event properties using rainfall records of Jema station which recorded rainfall data for the wet season of the years 2007 and 2008. This station is situated at an intermediate location between the mountains of Gilgel Abbay watershed and Lake Tana. Haile et al. (2010a) suggested that Jema station should be part of any rain gauge network that is applied to estimate rainfall input to a runoff model in this area. In this study the spatial patterns of rain event properties are evaluated using data from eight stations that recorded the JJA 2007 rainfall. We note that the rainfall amount of JJA 2007 is only ∼5% smaller than that of the long-term rainfall amount in the watershed indicating that the analysis period represents a nearly-normal period. The JJA 2008 rainfall amount at Jema is 8% smaller compared to that of 2007.
Study area
The Upper Gilgel Abbay watershed is located between 10 • 56 to 11 • 22 N latitude and 36 • 44 to 37 • 03 E longitudes. The main wet season of the area is from June to September while its main dry season is from October to May. Figure 1 shows a Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) and locations of rain gauges.
The inter-annual distribution of rainfall in the study area is mainly affected by the location of the Intertropical Convergence Zone (ITCZ) which is caused by a low-level wind convergence. Haile et al. (2009) showed that orography and the presence of Lake Tana affect the diurnal cycle of rainfall frequency and rate in the study area resulting in afternoon maximum rain frequency and rain rate over mountain areas and nocturnal maximum over lowland areas near the lake. The authors also showed that rainfall of the study area has mainly convective origin.
Methods
Criteria to identify rain events often rely on threshold values for selected properties of rain events. For instance, event duration and rain rate may serve to identify events (see Dunkerley, 2008b) . Commonly, thresholds for minimum inter-event time (MIT) and minimum event depth serve to identify rain events or to classify a series of rain observations as rain events. Dunkerley (2008a,b) reviewed a large number of criteria and reported that the applied MIT varies from 3 min to 24 h while the minimum event depth varies from measurable amount (e.g. 0.2 mm for rain gauges used in the present study) to 13.0 mm. A consequence of a change in criterion for instance could be that event rain rate may decrease as MIT increases since identified events may include several rainless periods.
By absence of a widely accepted criterion in literature, a set of criteria has been chosen to identify rain events in the current study, i.e. to mark the start and end time of events. The applied criteria are a minimum event depth of 1.0 mm and a minimum inter-event time (MIT) of 30 min that is if the length of a dry period between two gauge rainfall records exceeds 30 min then these records will be identified as part of separate events otherwise these records form a single event. These small MIT values are chosen considering the highly convective nature of the rainfall in the study area and following Balme et al. (2006) and Cosgrove and Garstang (1995) . According to Brown et al. (1985) , rain events identified by such criteria can be termed "primitive" events and are based on the simplest and most logical approach without the use of additional information regarding the synoptic weather condition such as cloudiness.
The rain event properties that are analyzed in the present study include event depth, event duration, mean event rain rate, peak rain rate of an event and inter-event time (IET) which is defined as the length of the dry period between two consecutive events. Note that IET is always longer than MIT. These event properties are selected since they are considered to be relevant to hydrologic studies. The reader is referred to Dunkerley (2008a,b) for further discussion on importance of these event properties in hydrologic studies.
We note that the rain gauges (Hobo S-RGA-M002) used in this study have a funnel diameter of 15.4 cm, a tipping bucket mechanism with a resolution of 0.2 mm, and a measurement range of 0-10 cm h −1 . The gauges are mounted approximately 1.75 m above ground surface at open spaces (no trees or buildings) of primary schools and meteorological observation sites operated by the National Meteorological Agency of Ethiopia.
In this study the following definitions apply: Event depth (d e ) is:
where T e is event duration while I i is 1-min rainfall depth at the i-th minute since the start time of the rain event.
Mean event rain rate (R e ) is:
where the terms are as defined previously. Peak rain rate (R t,max ) for an aggregation scale of t minutes is:
where max indicates the maximum while the constant 60 is applied to convert t-minute rainfall depth to hourly rain rate. The remaining terms are as defined previously.
Relations between various event properties are evaluated through Pearson's product-moment correlation while the variability of event properties is assessed through standard deviation and coefficient of variation (CV) which is the ratio of standard deviation and mean. The effect of terrain elevation on event properties is also evaluated. In addition, we assessed the effects of changing MIT from 30 min to 8 h and using two rainfall aggregation time scales (t) of 1 min and 6 min on the derived rain event properties.
Results

Rain event properties
In this section, the rain event properties of Jema station are analysed. Jema station is selected since this rain gauge recorded rainfall data for two consecutive wet seasons that are in JJA of 2007 and 2008 . Also, the station is located in between the mountain areas of Gilgel Abbay watershed and Lake Tana and therefore, following the work in rain event properties at these gauging stations are, presumably, affected by orography and the presence of the lake. Based on the t = 1 min aggregation scale and a MIT of 30 min, a total of 241 rain events have been observed at Jema with 127 events in JJA 2007 and 114 events in JJA 2008. Table 1 shows the statistics of rain events at Jema station. A maximum event depth of 67.6 mm has been recorded in the two seasons. This event depth is 12 times higher than the median of the observed event depths which is only 5.5 mm indicating that this event can be considered an extreme event.
In terms of event duration, a single event has lasted up to 344 min, i.e. about 5.7 h. However, the median of the duration of rain events is only about 1 h which is approximately 6 times shorter than the maximum duration.
The maximum 1-min peak rain rate at Jema is 180 mm h −1 which is equivalent to 15 bucket tips per minute. In terms of median, the peak rain rate is 36 mm h −1 which is equivalent to 3 bucket tips per minute. Mean event rain rates range between 0.77 mm h −1 and 54.67 mm h −1 with a median of 5.90 mm h −1 . The median of peak rain rate is about 6 times that of mean event rain rate indicating large differences which is partly explained by inclusion of several rainless periods in a single rain event that results in low mean event rain rate.
The median of IET is 744 min (i.e. 12.40 h) and is 25 times the specified MIT of 30 min. In terms of median, the IET at Jema is about 12 times the median of rain event duration (60.5 min) indicating that relatively long dry periods prevail at this station. The median value of IET also suggests that daily rainfall depths at Jema mostly are caused by one or two rain events. It is noted that presence of multiple events in a day restricts applicability of daily rainfall records for event based analysis. As such, rainfall needs to be recorded at subdaily time scales for such analysis at Jema.
Relation between rain event properties
Relations between rain event properties (for MIT = 30 min) have been evaluated for rainfall records of Jema station for two consecutive wet seasons. The lower triangle of the correlation matrix of rain event properties is presented in Table 2 . The event rain depth is positively correlated to all of the remaining properties. It equally (and moderately) correlates to event duration and mean rain rate. Event depth has strongest correlation with peak rain rate which suggests that events of large rainfall depth contain outbursts of high intensities. As it is suggested by the negative correlation between rain event duration and mean event rain rate, events with short duration have relatively high event rain rate. Lower event rates can be caused partly when events have longer rainless periods as the event duration increases. Overall, the event rain rate at Jema is more related to peak rain rate than to event duration. The IET at Jema has a weak relation to the other rain event properties.
Temporal variation of rain event properties
To evaluate intra-season variability, the rain event properties at Jema have been analysed for each of the three months of the wet seasons of 2007 and 2008. Table 3 shows the median of rain event properties (for MIT = 30 min) for each of the three months. It is noted that June is at the beginning of the wet season while August is towards the end. In terms of the median of rain event depth, there are some differences between the events in June, July and August. June has the highest rain event depth while July has the lowest event depth with a 2 mm difference between the event depths of the two months.
In terms of the median value, the rain events in July have the shortest duration while the events in June have the longest duration. The June events have durations that on average are 8.5 min longer than those of the July events. In terms of peak rain rate, the events in July have the lowest rain rate indicating that outbursts of high intensities are less common in mid-season events. In terms of event rain rate, the events in August have the lowest rain rate while those in June have the highest rain rate. Also, the July events have the shortest IET which suggests that these rain events are likely to be more clustered in time than those in June and August. We note that there is a 6.3 h difference between the median values of IETs of the events of June and July. Overall, events at the start and towards the end of the wet season have somewhat similar properties while events in the mid-season differ in this respect. At the start and towards the end of the wet season, rain events have larger depth and longer duration and IET compared to events in the mid-season.
The coefficient of variation (CV) in Table 3 indicates that the rain event depth in July is more variable in time than that of June and August. Also, there is some difference in terms of variability of rain event duration in each of the months. The event duration in June shows the least variation in time compared to the events of the other months of the wet season.
In addition, Table 3 shows that peak rain rate of the events in August is the least variable while the difference in CV of mean event rain rate of the three months is less than 10%. In terms of IET, the largest variability has been observed in August. Overall, the mid-season events have depth, duration and peak rain rate that are more variable compared to events at the start and end of the wet season.
Spatial variation of rain event properties
In this section, the spatial variation of rain event properties is analysed based on rainfall records from 8 stations. The number of rain events based on MIT = 30 min is 122, 100, 140, 112, 177, 122, 105, and 153 for Addis Kidam, Bahir Dar, Dangila, Durbet, Injibara, Jema, Koga and Sekela, respectively. The largest number of events is observed at Sekela and Injibara which are situated on mountain areas while the smallest number of events is observed at Bahir Dar which is at the south shore of Lake Tana. Haile et al. (2010a) show that rainfall at Sekela is largely important for runoff modelling of the Gilgel Abbay watershed. The results in the present study suggest that one of the reasons for the importance of this station could be due to the relatively large number of rain events that are observed as compared to the other stations.
Rain event depth
Statistical properties of rain event depths of the eight stations (for JJA 2007) are presented in Fig. 2 . The 25% and the 75% quartiles are shown by the bottom and top edges of the box, respectively while the median is shown by the horizontal line inside the box. The top and bottom horizontal bars represent the 25% quartile minus 1.5 IQR and the 75% quartile plus 1.5 IQR, respectively. IQR is defined as the interquartile range which is the 75% quartile minus the 25% quartile and is defined by the vertical size of the box.
By the Box-whisker plot in Fig. 2 some suggestions can be made with respect to rain event depth in the basin. Overall, rain event depths have skewed distribution where event depths higher than the median value are distributed over a larger range than event depths that are lower than the median. In terms of median, Addis Kidam, Dangila, Injibara and Sekela stations which are situated on mountain areas have events with lowest rainfall depths as compared to those of lowland stations. The lowest event depth is 3.4 mm at Injibara which is located on a mountain area while the highest depth is 5.0 mm at Jema which is situated at an intermediate location in between the mountain areas and lowland areas near Lake Tana. On average, Jema receives an event depth of 1.47 times that of Injibara indicating significant spatial variation of event depth in the study area. Bahir Dar which is on the south shore of the lake has a median event depth of 4.8 mm.
The stations that are relatively close to the lake (Bahir Dar, Koga and Jema) have the lowest terrain elevation and have largest IQRs. This suggests that these stations have event depths with larger variability compared to stations in the mountain areas. Such results imply that the variability of event depth decreases by the combined effect of an increase in distance from the lake and an increase in terrain elevation. The Box-whisker plot also shows that the 75% quartiles of event depths of stations near the lake are larger than event depths in the mountain areas. Injibara station which is situated on a mountain area has the smallest 25% quartile of event depth. Figure 3 shows a Box-whisker plot of rain event duration for all eight stations. Similar to rain event depth, some suggestions can be made regarding spatial variation of rain event duration. Overall, the distribution of event duration is skewed since events that have longer durations than the median value are distributed over a larger range than event durations that are shorter than the median. However, the skewness is less pronounced compared to the skewed distribution of rain event depth and implies that the mean event duration in the study area is less affected by extreme values as compared to event depth. In terms of median, Addis Kidam, Dangila, Injibara and Sekela stations which are situated in mountain areas have events with longest duration as compared to events of the remaining stations that are in the lowland. An exception is Jema which has relatively low elevation but on average has event duration which is comparable to that of the events on mountain areas. Koga and Bahir Dar stations which are at lower elevation and relatively close to the lake have events with the shortest duration on average.
Rain event duration
Durbet, Jema and Sekela have larger IQR for event duration than the remaining stations and thus event duration of these stations is more variable. Although the median of the event duration at Sekela and Injibara is comparable, the IQR does not show that event duration is equally variable at these stations. Rain event duration at Sekela is more variable as compared to event duration at Injibara.
Mean event rain rate
A Box-whisker plot of mean event rain rates at the eight stations is presented in Fig. 4 . Similar to rain event depth, the distribution of mean event rain rate is skewed. In terms of median, the mountain stations Addis Kidam, Dangila, Injibara and Sekela have events with lower rain rate than the stations that are relatively close to the lake. The lowest median value of event rain rate is observed at Injibara (3.5 mm h −1 ) while the highest median value is observed at Jema and Koga (approximately 5.5 mm h −1 ). As such, on average the maximum rain rate in the study area is 1.6 times that of the minimum rain rate. Bahir Dar, Koga and Jema also have a relatively large IQR. Results suggest that rainfall of lowland areas and thus close to the lake are characterised by larger variability and higher event depth as compared to that of mountain areas. Clear reasoning on the causes is not trivial particularly since assessments of diurnal cycle properties (see Haile et al., 2009) indicate that rainfall close to Lake Tana commonly is at late evening hours (22:00-24:00 LST) while rainfall in the mountain ranges commonly is at late afternoon hours (15:00-18:00 LST) and early morning hours (03:00-06:00 LST).
The 75% quartiles of rain event rates at the stations which are located near the lake are higher than rates in the mountain areas. Injibara which is located on the mountain area has the lowest 25% quartile of event rates from the network. Over all, the Box-whisker plots of event rates have comparable spatial pattern to that of rain event depths suggesting some relation between these two event properties. We note that such relation is also suggested by the correlation matrix in Table 2 . Figure 5 shows the cumulative probability distribution of inter-event times at three stations. Results show that the 10% quantile inter-event time is 1.4 h, 1.5 h and 1.0 h at Sekela, Jema and Bahir Dar, respectively. The median interevent time is 9.0 h, 13.5 h and 16.5 h while the 90% quantile inter-event time is 29.5 h, 31 h and 42.5 h at Sekela, Jema and Bahir Dar, respectively.
Inter-event time
At any selected cumulative probability, Sekela has the shortest IET while Bahir Dar has the longest IET. Results reveal that, on average, the lowland areas near Bahir Dar have a dry period length of 1.8 times that of the mountain areas near Sekela. Jema which is situated at an intermediate distance between the high mountain areas and the lake has an IET which is shorter than that of Bahir Dar but longer than that of Sekela. Results of IET thus suggest that rainfall events are more frequent in the mountain areas as compared to the lower elevated areas close to the lake. We note that assessment of the diurnal variation of convective index (CI) by use of satellite based rainfall data in Haile et al. (2009) indicated a similar pattern.
Relation between elevation and event properties
In previous sub-sections, it is shown that event properties of the study area have some relation with terrain elevation and possibly distance to Lake Tana. To assess how elevation may affect rain event properties (MIT = 30 min) a regression analysis is performed following Dairaku et al. (2004) . In the present study, a non-linear regression analysis is selected since it showed a small improvement in the coefficient of determination (R 2 ) value as compared to linear regression.
The regression equations that are based on data from 8 stations are presented in Table 4 and the 10%, 50% and 90% quantiles of the event properties are selected to consider low, normal and high values of event properties, respectively. The R 2 value in Table 4 shows that terrain elevation weakly explains the variation in the 10% quantile event depth. However, the 50% and the 90% quantiles of event depth are much more strongly related to terrain elevation. The results suggest that normal and large event depths in the study area are affected by elevation. In terms of event duration, the 10% quantile is very weakly related to terrain elevation while the 90% quantile is much more strongly related with highest R 2 value. Results indicate that events of short duration are not directly affected by elevation but when event duration increases, such may be due to effects of elevation.
The R 2 value indicates that variations in the three quantiles of mean event rain rate may be related to variation in terrain elevation. The lowland areas in the study area receive relatively high rain rate as compared to the mountain areas. However, in terms of peak event rain rate, a relation could not be established between the 10% and the 50% quantiles with terrain elevation since quantiles of peak rain rate are found to be equal at all 8 stations. However, the 90% peak rain rate is related to terrain elevation and the slope of the regression equation suggests that events in lowland areas can be characterized by high peak rain rates. Although the 10% quantile of IET is weakly related to terrain elevation, the 50% and the 90% quantiles of IET are related to terrain elevation with a very high correlation for the 50% quantile. Overall, higher quantiles of event properties are affected by elevation while low quantiles of event properties only are weakly affected with the exception of event rain rate. Figure 6 shows the relation between event properties and terrain elevation. The median of event properties is selected to evaluate the relation while the regression equations are presented in Table 4 . Figure 6 shows that rain event depth, mean event rain rate and IET decrease with an increase in terrain elevation while event duration increases with an increase in terrain elevation. As such, mountain areas receive rainfall of relatively small depth, low rain rate, long duration and short IET. Haile et al. (2009 Haile et al. ( , 2010a showed that the mountain areas of Lake Tana basin receive relatively large seasonal rainfall depth. The result of the present study showed that the large seasonal rainfall of the mountain areas is mainly due to frequent events of relatively long duration. However, the seasonal rainfall of lowland areas is largely affected by events with high intensity but short duration.
Effect of changing the criteria for event definition
Analyses in previous sections are performed for a MIT of 30 min. Dunkerley (2008b) Table 4. ranges between 3 min and 24 h and often MIT of 6 and 8 h is selected (for MIT = 8 h; see Asdak et al., 1998; Aryal et al., 2007) . We selected MIT = 30 min by considering that the duration of most events in the study area is in the order of 1 h ± 10 min and by considering the work of Haile et al. (2009 Haile et al. ( , 2010c who showed that rainfall in this basin primarily is of convective nature. Changing the IET, however, affects the analyses results of rain event properties since larger IETs directly result in a lower number of events that must be of longer duration. As such, selection of IET is a critical step. From a hydrological point of view and particularly when catchment sizes increase from local to regional and larger scales, it may be necessary to select a longer MIT than was used in the present study. Selection of a large MIT allows achieving more hydrologic independency between two successive events but events that have longer duration and rainless periods that are smaller than a specified MIT are ignored. To assess the effect of increasing MIT in the study area we calculated event properties for MIT = 8 h. Results of all eight stations are compared to results of MIT of 30 min and percent changes in the event properties are related to elevation (see Fig. 7 ).
Changing MIT from 30 min to 8 h resulted in a minimum reduction of number of events by 37-61%. This significant reduction indicates that inclusion of several rainless periods by using a longer MIT significantly reduces the number of events. The change in the number of events is strongly related (R 2 = 0.785) to terrain elevation with the largest effect observed for highland stations. These stations are characterised by high rainfall intermittency as compared to the lowland stations in Lake Tana basin (see Haile et al., 2009) . Event depth increased significantly (91 to 182%) with an increase in MIT. This change in event depth is only moderately related (R 2 = 0.348) to terrain elevation. Increasing MIT resulted in the largest effect on event duration which decreased by 559 to 807%. The effect of MIT on event duration moderately varies with terrain elevation (R 2 = 0.465) with the largest effect being observed for highland stations. The event rain rate decreased (by 61-75%) when we changed the MIT from 30 min to 8 h. However, the change in event rain rate is weakly related to terrain elevation (R 2 = 0.052). This could be caused by the moderate relation of event duration and event depth to terrain elevation. IET changed by 19-80% with IET of highland stations being strongly affected by MIT values (R 2 = 0.682). Overall, these results show that the specified MIT has a strong impact on the estimated values of event properties. Such impact on event properties varies spatially with terrain elevation.
We assessed the relation between terrain elevation and event properties that are identified using MIT = 8 h (Fig. 8 ) that may be considered relatively long for the study area. Results indicate that event depth has very weak relation to elevation (R 2 = 0.019) while event duration, rain rate and IET have medium to strong relation to terrain elevation with R 2 = 0.819, 0.895 and 0.552 respectively. Event duration increased with terrain elevation while rain rate and IET decreased with an increase in elevation suggesting that events of highland areas have longer duration, relatively low rain rate and longer dry periods between events than events in lowland areas (see Table 5 ). 
Effect of temporal aggregation of rainfall data on event properties
In tipping bucket gauges, rainfall amounts are measured by the number of tips where each tip represents a fixed rainfall depth. Rain event properties such as rain rates are defined by aggregating the number of tips over selected aggregation period (e.g. 1 min, 1 h or longer). Aggregating rainfall data over a long period may result in inclusion of several rainless gaps which might affect the value of estimated rain event properties. We note that measurement errors are commonly large when data is aggregated over a small time period (e.g. 1 min) while these errors may diminish for a long time period (see Habib et al., 2001 for further discussion on gauge sampling errors). In the present study, we aggregated the raw rainfall data into 1-min time periods. Given that each gauge tip in the present study represents 0.2 mm, this suggests that the maximum error of the 1-min rain rate is 12 mm h −1 when upscaled to 1 h. We presume that uncertainty increases when the length of the aggregation period decreases since rainfall intensities are highest and rainless periods are smallest for short time intervals. Therefore it is desirable to understand how temporal aggregation of rainfall data affects the estimated event properties.
We assessed the effect of aggregation by aggregating the rainfall data of Jema (2007 and 2008) to 6 min and 1 min. We note that the selection of 6 min is somewhat arbitrary but, presumably, when choosing much larger values rainfall events of non-convective nature are more suitable. For MIT = 30 min, the increase in aggregation period (from 1 min to 6 min) caused a slight decrease of number of events (by 1.2%) and an increase of the median of event depth (1.8%). It resulted in a large change in peak rain rate (−19%), event rain rate (−19.5%), duration (19.0%) and IET (4.9%). When using MIT = 8 h, aggregation over 6 min instead of 1 min changed values of event properties only slightly. The number of events decreased by 0.7% while event depth, rain rate, duration and IET increased by 1.3%, 1.4%, 0.7% and 0.45%, respectively.
Discussion and conclusion
The objective in this study is to understand the properties of rain events in the source basin of the Upper Blue Nile River and to evaluate how rain event properties are affected by terrain elevation in the basin. Since this study is based on rainfall data from a recently installed network of experimental gauges, our analysis are based on a relatively short period of 2 years. Temporal characteristics of rain event properties are analyzed to evaluate how event properties change with time. Also, relations between various rain event properties are evaluated to enhance our understanding of rainfall and to provide information that may be useful for generation of synthetic rainfall data. The considered event properties are rain event depth, duration, mean rain rate, peak rain rate and interevent time (IET).
The relation between various rain event properties is evaluated through correlation analysis. Results indicate that rain event depth increases with an increase in event duration, mean event rain rate, and peak rain rate. Rain event depth in the study area is more related to peak intensity than to event duration. As such events with large rain depth contain outbursts of high rain intensities. Analyses in this study show that IET has a weak relation with the other rain event properties.
We found that at the start and towards the end of the wet season, rain event depth is relatively large with relatively long event duration and long IET. Such results indicate that two consecutive events as observed in early and late season are separated by longer dry periods than events in the midseason. In terms of median, the June events have an event depth that is 2 mm higher and events have duration that is 8.5 min longer than the July events. The IET in June on average is 6.3 h longer than in July. Also, mid-season events have depth, duration and peak intensity that are more variable as compared to the events at the start and at the end of the wet season. Such differences may affect hydrologic processes as, for instance, longer IET may cause larger evapotranspiration between two consecutive rain events thus affecting infiltration volumes and possibly runoff production. Haile et al. (2009) showed that there is a weak relation between seasonal rainfall amount and terrain elevation or distance to the lake although the diurnal cycle of rainfall across the study area is strongly affected by mountain ranges. The results of the present study revealed that terrain elevation of the Lake Tana basin affects rain event properties in particular for the 50%, 75% and 90% quantiles. The interquartile range shows that the variability of event depth and mean event rain rate decreases with an increase in terrain elevation that is observed at increasing distances from the lake. As such, event depths and rain rates at lowland areas in the study area near the lake shore show larger variability as compared to events in mountain areas of the basin.
Values of the coefficient of determination (R 2 ) indicate that terrain elevation weakly relates to the 10% quantile of event depth, event duration, peak rain rate, and IET. This suggests that events with small values of properties such as rainfall depth are not affected by terrain elevation. In terms of the median values, the maximum spatial difference in the watershed is 2.4 mm, 2.5 mm h −1 , 15.5 min and 7.85 h for event depth, mean event rain rate, event duration, IET, respectively. The median of event durations in the watershed is in the range of 1 h ± 10 min. These characteristics reveal that the rain events in the study area have relatively short duration which is common for rain events of convective nature.
Many studies report on the effect of elevation on annual, seasonal or daily rainfall but only few studies report how elevation affects rain event properties. In the present study such evaluation is performed for Lake Tana basin. The results revealed that (i) the lowland areas have events with relatively larger variability in rain depth and rain rate as compared to events in the mountain areas, (ii) on average, rain events in lowland areas have larger depth and higher rain rate, are of shorter duration and have longer IET than events in mountain areas; (iii) the spatial distribution of large values of event properties (75% and 90% quantiles of event depth, duration, rain rate) are affected by terrain elevation; (iv) the spatial distribution of small values of event properties (10% quantiles) except that of mean event rain rate are weakly related to terrain elevation. These results are similar to results by Barros et al. (2000) who also indicated that the lower-elevation stations received higher rain rate rainfall over short durations. We note that in Barros et al. (2000) only 4 month of data was used for an area in Nepal. Our results are somewhat in contrast to those by Dairaku et al. (2004) who showed that relatively low intensity events in the mountains of north-western Thailand are weakly affected by terrain elevation. We presume that such difference can be caused by climatic factors at continental scale but also by local climatic factors in our study area by the presence of Lake Tana. In it is discussed that Lake Tana may act as a major source of evaporative water that affects the diurnal rainfall cycle across the Gilgel Abbay watershed.
For rain events that are identified using MIT = 30 min, peak rain rate, event rain rate and duration are the most affected event properties when rainfall data is aggregated over 6 min as compared to a 1 min period. The values of these event properties changed by about −19%, −19% and 19%, respectively. The effect of increasing the aggregation time period on all event properties diminished (values changed only by <1.5%) when rain events are identified using MIT = 8 h.
Results show that the specified MIT has a strong impact on the estimated values of some event properties. Increasing MIT from 30 min to 8 h resulted in the largest effect on event duration which decreased by 559 to 807%. The effect of MIT on event duration, event depth and IET is directly related to terrain elevation while the number of events is inversely related. However, there is a weak relation between the changes in event rain rate and terrain elevation. Overall, changing MIT to 8 h has the largest effect on the mountain stations that are characterised by high rainfall intermittency. Using MIT of 8 h instead of 30 min resulted in a weaker relation between elevation and event depth and IET while it resulted in stronger relation between elevation and event duration and rain rate.
Numerous studies showed that rain event properties, in particular rain rate and duration, have significant effect on the extent of water-driven erosion processes. For instance, kinetic energy, which is a commonly used indicator for the ability of rainfall to detach soil particles, is related to rain rate (see van Dijk et al., 2002 for an extensive review). The existence of such relation suggests that variability of rain event properties can lead to variations in kinetic energy in space and time (see Angulo-Martínez et al., 2009) . Based on the results of the present study we speculate that rain events of mountain areas of Gilgel Abbay watershed have less soil erosive power (due to relatively small rain rate) than rain events of lowlands of this watershed. We recommend that future studies should evaluate the effect of the observed variability of event properties on spatial variation of soil erosion in the watershed.
